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HEMATOPOIESIS

Expression of C/EBP from theC/ebjx gene locus is sufficient for normal
hematopoiesis in vivo

Letetia C. Jones, Meng-Liang Lin, Shih-Shun Chen, Utz Krug, Wolf-K. Hofmann, Stephen Lee, Ying-Hue Lee, and H. Phillip Koeffler

CCAAT/enhancer-binding proteins (C/
EBPSs) are critical transcriptional regula-

tion for C/EBP « in directing differentia-
tion along the granulocytic pathway. We
tors of differentiation of hematopoietic show that the morphology and the differ- bone marrow of C/EBP B knockin and
cells. Previous studies have shown that ential cell counts of the bone marrow wild-type mice. These results imply that
targeted disruption of the  C/ebpa gene  and peripheral blood cells from C/EBP B  C/EBPP can substitute for C/EBP « dur-
results in a lack of granulocytic differen- knockin mice are indistinguishable from ing hematopoiesis when expressed from
tiation with an arrest at the stage of those of their wild-type littermates, indi- the C/ebpa gene locus. (Blood. 2002;99:
immature myeloblasts. By using a gene cating that hematopoiesis occurs nor- 2032-2036)

replacement strategy in which C/EBP B  mally in these animals. Additionally, we
was expressed from the C/ebpa gene analyzed expression of 21 myeloid-
locus of C/EBP «-null mice, we have specific genes, including markers for
evaluated the ability of C/EBP B to func-  distinct stages of granulocytic differen-

tiation, and found no significant differ-
ences in their levels of expression in the
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Introduction

CCAAT/enhancer-binding proteins (C/EBPs) are a family dfion of C/EBRB in mice results in impaired macrophage function,
structurally related transcription factors made up of 6 membegssmphoproliferative disorders, and defective B lymphopoiesis.
(C/IEBRy, -B, -y, -3, -€, and £).17 All C/EBPs share conserved Differential expression of these 2 C/EBPs in hematopoietic tissues
C-terminal regions that contain leucine-zipper dimerization motifsnderscores their individual roles in the development of mature
adjacent to basic DNA-binding domaif%heir N-terminal regions blood cells.
are more diverse and contain transcriptional activation domains. In addition to their roles in the hematopoietic system, C/&BP
Dimerization within the C/EBP family or with other transcriptionand C/EBI are important for normal development of livet”and
factors is a prerequisite for DNA binding and subsequent transaaglipose tissué8Mice lacking C/EBF: die within 8 hours of birth
vation. With the exception of C/ERP proteins in the C/EBP because of a severe loss of liver function. However, a gene
family are expressed in partially overlapping patterns in multipleeplacement approach in which C/EBHs knocked into the
tissue$. However, targeted inactivation of C/EBP family genes it€/ebpx gene locus of C/EB&-null mice restores liver function
mice has demonstrated their individual contributions to cellul@nd, consequently, their viabilit§. These mutant miceC/ebpax??,
differentiation. lack C/EBRx but have a concomitant gain of C/EBkh tissues. In
Knockout mice models have defined a critical role for C/EBPthe current study, we evaluate the ability of C/EBRnctionally to
in hematopoietic tissueé8:14Two members, C/EBland C/EBB, replace C/EBR in the hematopoietic system @f/ebp®® mice.
play key roles in determining the fate of differentiating hematopo/e find that bone marrow and peripheral blood cells from C/EBP
etic cells. For example, C/EBPis expressed in early myeloid knockin mice are indistinguishable from those of their wild-type
cells? and its absence in C/EBP/~ mice leads to a complete lack littermates, indicating that hematopoiesis occurs normally in these
of granulocytic differentiation with an arrest at the stage adnimals. We confirm this finding on a molecular level by analyzing
immature myeloblast¥. Although mature neutrophils and eosinothe expression of 21 myeloid-specific genes, including markers for
phils are absent in C/EBPnull mice, other hematopoietic lineagesdistinct stages of granulocytic differentiation. Our results reveal no
are not affected. C/EBR however, appears to be a criticalsignificant differences in the levels of expression of these genes in
signaling molecule for more mature myeloid cells as well as for Bone marrow of C/EBP knockin and wild-type mice, thus
lymphocytes because its expression is dramatically induced duringplying that C/EBB can substitute for C/EBPduring hemato-
macrophage differentiatid®and lymphopoiesi¥’ Targeted dele- poiesis when expressed from tBéebpx gene locus.
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The functional redundancy of C/EBPand C/EBB in liver

Materials and methods raised the question of their redundancy in hematopoietic cells.
_ Previous studié8 suggest that C/EBP is indispensable for
Mice differentiation along the granulocytic pathway because CH=BP

C/eme/B mice were generated by using gene_targeting techn0|ogy and mgfICIent mice |aCk mature neutrophils and eosinophils. Thel’efore,
Cre/loxP DNA recombination system as reported previotishice were we evaluated the ability of C/EBPPto compensate for C/ERPIn
maintained in a specific pathogen-free animal facility at the Institute ¢he hematopoietic system 6febpx®’® mice. Analysis of peripheral
Molecular Biology, Academig Sinica, T_aipei. Five- to §-we_ek-o|d litter0od fromC/ebpx?’® mice and their wild-type littermates (Tablg 1
mates from the heterozygote interbreedings were used in this study. showed similar differential cell counts for all hematopoietic
lineages, including myeloid elements from myeloblasts to mature
neutrophils. Additionally, no differences in morphology were
Bone marrow was collected from the femoral bone of wild-type an@ibserved in Wright-Giemsa—stained bone marrow cells from
C/EBR3 knockin mice. Smears were prepared and stained with Wrigh€/EBP3 knockin and wild-type mice (Figure 1). C/EBFnockin

Bone marrow morphologic analysis

Giemsa. Bone marrow smears were analyzed by light microscopy. and wild-type murine bone marrow also stained equally for the
myeloid-specific, azurophilic protein myeloperoxidase and for
Differential cell counts Sudan black, a marker of myeloid progenitors (data not shown).

Differential white cell counts for peripheral blood and bone marrow wer&Ne White blood cell counts of the C/EBRnockin mice were in
determined manually by 2 independent investigators. Percentages wi&@ normal range (mean, 4:410°/u.L), and for unclear reasons the
calculated according to the cell morphology of a total of 600 cells pavild-type mice had a slightly elevated white blood cell count
peripheral blood smear and 700 cells per bone marrow smear. Values @ffean, 7.8< 10%/.L).2° The morphology and number of neutro

given as meart SD from 3 independent animals. phils in the peripheral blood (Table 1 and data not shown) of the
_ _ o C/EBR3 knockin animals were normét,indicating that expression
RNA isolation and reverse transcription—polymerase of C/EBRB from the C/ebpx gene locus overcomes the block in

chain reaction granulocytic differentiation observed in the C/EBRull mice. To

Total RNA was isolated from mononuclear bone marrow cells of #ule out the possibility that this rescue is due to in vivo compensa-
wild-type and 4 C/EBPB knockin mice by using TRIzol (Life Technologies, tory mechanisms other than the expression of C/EBBone
Grand Islands, NY). Two micrograms of DNAse I-treated RNA was revers@arrow cells from wild-type and C/EBFknockin mice were used
transcribed by using Moloney murine leukemia virus reverse transcriptq%er in vitro colony assays in the presence of granulocyte colony-
(Life Technologies), and 50 ng of the resulting complementary DNAs,. . h
ymulatlng factor. The number of granulocyte colonies formed

(cDNAs) was used as templates for polymerase chain reaction (PCR). b lls f K Ki . diff
Amplification was carried out by using HotStarTag DNA polymerasé om bone marrow cells from knockin mice was not different

(Qiagen, Valencia, CA) under the following conditions: an initial denatuf’om that seen when using bone marrow cells from wild-type
ation step at 95°C for 15 minutes followed by 35 cycles of 95°C for 3@animals (data not shown). The granulocyte colonies contained
seconds, 60°C for 30 seconds, and 72°C for 1 minute. The specificity siimilar percentages of neutrophils in assays of bone marrow
primer pairs used for amplification was confirmed by Southern blot bye|ls from knockin and wild-type mice (85% 3.1 and

using internal oligonucleotides as probes. Reaction products were vis% 3+ 3.5, respectively). These data imply that differentiation
ized on ethidium bromide-stained agarose gels, and images of G/EBP ' '

C/EBRB, and 18S DNAs were captured by using Alphalmager 2000 Gel

Documentation software. Reverse transcriptase(RT)-PCR results were

Conﬂr,mEd by varying input cDNA Concemre?tlon and cyclg number or b,¥ab|e 1. Analysis of peripheral blood and bone marrow from wild-type and
real-time PCR. For the latter, RT-PCR reactions were carried out by USIB@Egp g knockin mice

HotStarTag DNA polymerase (Qiagen), 50 ng cDNA for myeloid-specific
genes (500-5 ng in serial dilutions for standard curves) or 1 pg for 18S
(10-0.1 pg for standard curve), and SYBRGreenl nucleic acid gel staining Clebpo ' ClebpoP’®
solution in a 1:60 000 dilution. PCR conditions were as follows: a 95°Gifferential cell counts

initial activation for 15 minutes followed by 45 cycles of 95°C for 15 peripheral blood

% + SD

seconds, 60°C for 15 seconds, and 72°C for 30 seconds, and fluorescenceymphocytes 777+ 31 81.7 + 6.5
determination at the melting temperature of the product for 20 seconds on Neutrophils 18.3 = 2.1 173+ 75
an ICycler detection system (BioRad, Hercules, CA). Monocytes 4.0+ 3.6 10+ 1.0
Bone marrow

Myeloblasts & promyelocytes 43+ 0.6 47 21

Myelocytes & metamyelocytes 80=*10 6.7 £23
Results Neutrophils 470+ 35 51.0 + 2.6

Nucleated red blood cells 23.0*+26 20.3 =45
Construction of a C/EB®knockin targeting vector and generation Lymphocytes 173+23 175+24
of homozygou<C/ebpx?’® mice were described previousiThese  white blood cell count, 10%/uL* 78 4.4
mice carry a mutanC/ebpx allele in which the protein-coding Red blood cell count, 10%2/L 9.0 8.8
region of C/ebpx was deleted and replaced with that@feb. Platelet count, 10%puL* 7713 691.0

ClebpxP’® mice are viable, fertile, and grossly normal and exhibit For di .

X ) i ) ) or differential counts, percentages were based on cell morphology of a total of
growth rates that are identical to their wild-type littermatessoo cells per genotype in peripheral blood and 700 cells per genotype in bone
Furthermore, they show none of the liver abnormalities found inarrow. Each value represents the mean = SD from 3 independent animals. Student
the C/EBRx-null mice implying that C/EBB can functionally t test showed a P value > .1 for all numbers. Total white cell, red cell, and platelet

. T counts were determined from 2 independent C/ebpaf® and C/ebpa*’* mice.
replace C/EBR in the liver when eXpressed from tI@/ebm *Normal reported counts?!: white blood cells, 4.0-5.6 X 10%uL; red blood cells,

gene locus. 9.0-9.9 X 102/L; platelets, 800-1100 X 10%pL.
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Figure 1. Wright-Giemsa—stained bone marrow cells from wild-type and C/EBP B
knockin mice. Bone marrow smears from wild-type (A) and C/ebpaP/® (B) mice show
maturation of the myeloid lineage to mature granulocytes (indicated by G). Magnifica-
tion X 100.
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Wild-type Knockin

Figure 2. Expression of C’/EBP « and C/EBP 8 messenger RNAs in wild-type and
C/EBP knockin mice. Gene expression was measured by RT-PCR using RNA
from the bone marrow of wild-type and C/EBPB knockin mice. After 35 (C/EBP« and
C/EBPR) and 15 (18S) cycles, amplification products were gel separated and stained
with ethidium bromide.

For 7 of these genes, expression levels were quantified by using
quantitative RT-PCR. RNA from the bone marrow of 4 wild-type
and 4 C/EBB knockin mice were reverse transcribed, and the
resulting cDNAs were analyzed by real-time PCR. The values for
individual mice within each group were averaged, and expression
values in C/EBB knockin mice are given in Table 3 relative to
expression in wild-type animals (arbitrarily set at 1.0). Again, our
results indicate that the levels of expression of these genes in
C/EBR3 knockin mice do not significantly differ from those
observed for the wild-type animals, suggesting that gene expres-
sion is normal in the knockin mice.

Table 2. Twenty-one myeloid-specific genes show no differences in
expression in bone marrow cells of ~ C/ebpaf’® as compared
with wild-type mice

along the granulocytic pathway is due to functional replacement Description Gene

of C/EBRx with C/EBR3 and is not likely to be attributable to

Myeloblastic & promyelocytic stages Myeloperoxidase

C/EBPRx-independent pathways. Neutrophil elastase
The presence of a mature granulocytic populatio@febpx?® B9

mice implies that genes necessary for differentiation are appropielocytic stage Lactoferrin

ately expressed. To verify this at the molecular level, we evaluated Neutrophil collagenase

the expression of 21 myeloid-specific genes in bone marrow cells

from C/EBRB knockin mice and their wild-type littermates. We
first confirmed the lack of C/EBPexpression in the bone marrow
of Clebp®® mice by RT-PCR (Figure )2 The knockin mice
showed increased expression of C/EEBmpared wittC/ebpx '+
mice, representing transcripts from both @fbpx and C/ebB
gene loci.

Neutrophil gelatinase
CD11b (MAC-1)

Eosinophil-specific markers Eosinophil peroxidase
Major basic protein
Cytokines MIP2
TNFa
Cytokine receptors G-CSF receptor

GM-CSF receptor

Other genes evaluated include (1) markers for different stages M-CSF receptor
of maturation along the granulocytic pathway (primary and second- IL-6 receptor

ary granule proteins), (2) eosinophil-specific proteins, (3) colony: ) )
stimulating factor receptors and other cytokine-signaling proteirig29°ytic proteins

and (4) proteins involved in phagocytosis (components of nicoti

amide adenine dinucleotide phosphate oxidase and an antimiqg;%épfam“y members

bial protein). The individual genes analyzed are listed in Table

IL-8 receptor

p91phox
47pho!
n- p4/phox
MCLP
C/EBP3
2. C/EBPe

Our studies revealed no differences in the expression of these genes

in ClebmP® and C/ebpx*’* mice (Figure 3. This finding is

MIP2 indicates macrophage inflammatory protein-2; TNFa, tumor necrosis
factor-a; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-

consistent with the lack of morphologlc differences between thl%\croph.’:lge colony-stimulating factor; M-CSF, macrophage colony-stimulating fac-

2 genotypes.

tor; IL, interleukin; and MCLP, murine cathelinlike protein.
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Wild-type Knockin the stage of myeloid commitment is the molecular switch that

directs myeloid precursors to the granulocytic pathway. Because

myeloid progenitor cells express low levels of C/EBFEhe amount

of C/EBRB in C/EBRx-null mice is possibly insufficient to

transactivate genes whose expression is required for granulocytic
differentiation.

MPO >

Lactoferrin >

p91phox >

C/EBP6 >

Although it is low in early stages of myeloid differentiation, the
level of C/EBRB expression increases dramatically at later stages
of differentiation especially in maturing macropha§€&EBR3 ~/~
mice have defects in macrophage function and develop lymphopro-
liferative disorders as a result, but deletion of C/lBBR mice does
not adversely affect myeloid cell differentiatidhiHence, its role in
myelopoiesis is unclear. Expression of C/HBffom the C/ebpx
locus places the protein at the scene of hematopoietic differentia-
tion earlier and probably at higher levels than when expressed from
the C/ebB gene locus. Therefore, the rescue of granulocytic
differentiation in C/ebpx®® mice likely reflects changes in the
temporal expression of C/ERP Stages of differentiation in
hematopoietic cells are driven not only by C/EBPs but also by other
transcription factor groups including GATAA23and GATA-22425
Myb,26-28 Ets29-31 and AML13234 Perhaps high expression of
C/EBRB early in myelopoiesis is sufficient to maintain the integrity
of protein-protein interactions that direct myeloid progenitors
toward mature granulocytes.
C/EBPs are highly homologous in their C-terminal dimerization
18S }= . and DNA-binding domains and are believed to bind the same
recognition sites on DNA® Therefore, C/EBB conceivably can
] ) ] N o interact with dimerization partners of C/ERRand bind C/EBR-
Figure 3. Expression of myeloid-specific genes in wild-type and C/EBP B
knockin mice. Gene expression was measured by RT-PCR using RNA from the targeted promoters such as the receptors for granUIOCyte CO|0ny'
bone marrow of wild-type and C/EBPB knockin mice. After 15 (18S) and 35 (all other  Stimulating factot® and interleukin &7 myeloperoxidasé® and
genes) cycles, ampl?ficgtion products were gel sepa_rated _and stained with ethidium neutrophil elastas®. However, the N-terminal regions of C/EBPs
bromide. G-CSF R indicates granulocyte-colony stimulating factor receptor; MPO, . . . . . . .
myeloperaxidase. are more diverse and mediate their transactivation functions. Given
the complexity of transcriptional activation complexes, we are
somewhat surprised that the transactivation domain of CAER
recruit necessary cofactors to activate promoters normally directed
Discussion by the transactivation domain of C/EBPInterestingly, C/EBB
does not substitute for C/EBHN the expression of genes encoding
Mice with targeted deletion of C/ERPdie soon after birth from adipocyte-specific factors adipsin and legfidbnormalities in fat
hypoglycemia, and analysis of their peripheral blood and bomgorage but normal liver development and hematopoiesis suggest
marrow reveal hematopoietic abnormalities, including the absengat the redundancy of C/EBPand C/EBB may be tissue and
of granulocytic differentiatiod® Thus, normal expression of gene specific. Previous studies implicate C/EB& a critical
C/EBPB does not compensate for the C/EBBeficiency in the factor for granulocytic commitment of myeloid progenitor cells.
liver or hematopoietic tissue of C/EBPwuIll mice. However, Strain differences between mice may reconcile our findings with
recent studies showed that expression of C/EBBm theC/ebpx  the strict requirement for C/EBPin granulocytic differentiation
gene locus, in addition to its expression from &b allele, reported previously. However, it is more likely that C/EBRself
restored liver function and overcomes the neonatal lethality @Iessimportant than the timing and level of its expression.
C/EBRx~'~ micel® Similarly, in this report, we show that expres
sion of C/EBM from theC/ebpx locus restores normal hematopoi-
esis by overcoming the selective block in granu|0cyﬂc differentidable 3 R_eal-time PCR analysis of gene expression in wild-type and C/EBP B
. . . knockin mice
tion observed in the C/EBRnull mice.

The ability of C/EB to function for C/EBR in hematopoietic Gene WT = Sb KI+Sb
cells of C/ebpxP® mice is likely related to at least 2 aspects ofs-CSF receptor 1.0 £ 0.57 0.87 + 0.89
expression from th€/ebpx gene locus: (1) the level of transcrip-GM-CSF receptor 1.0+ 0.90 0.88 = 0.97
tional activity and (2) the timing of expression. In hepatic tissues dpeloperoxidase 1.0+029 087+ 0.29
Clebm®’® mice, C/EBRB messenger RNA expressed from thé'eutrophil elastase 1.0+ 058 0.87%0.72
Clebpx locus is significantly higher than expression of C/EBBP Neutrophl gelatinase 10130 096 = 0.58

) K __ Eosinophil major basic protein 1.0 £ 0.93 0.95 +1.35
from its endogenous allelé Although our studies do not quantify .o 10+ 072 0.71 + 0.99

the contribution of C/EBPB messenger RNA from each locus in

hematopoietic cells. we do observe higher expression of C[HEBP Expression values were calculated as previously described.?° Mean = SD for 4
! wild-type (WT) and 4 C/EBP knockin (KI) mice are given. P values were > .1 in the

the kno_ckln model, representing the cor_nbmed expression fr(gmdent t test for all genes tested. G-CSF indicates granulocyte colony-stimulating
both loci. Radomska et#lsuggested that high levels of C/EBBt  factor; GM-CSF, granulocyte-macrophage colony-stimulating factor.
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